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We propose new experimental probes for axion-like particles at around 140 MeV (which in short
we call the 140 MeV ALPs). This ALP mass window has been poorly explored by experiments and
astrophysical observations, because of the inevitable contamination with neutral pion backgrounds
mimicking the 140 MeV ALPs decaying to diphoton, hence there were a couple of loopholes. We
find that measurements of the time-dependent CP asymmetry in B0 → K0Spi0γ and Bs → e±µ∓
decay possess a high sensitivity for the 140 MeV ALPs search, having the strong correlation with
the anomalous magnetic moment of muon; (g− 2)µ. Remarkably enough, the discovery potential of
the time-dependent CP asymmetry in B0 → K0Spi0γ decay resolves this longstanding issue, which
turns out to be irrespective to the presence of new physics in (g − 2)µ, and will fully cover the 140
MeV ALP loopholes. Complementary measurements for the CP asymmetry in B0 → K0Spi0γ and
the Bs → e±µ∓ decay, in conjunction with the (g − 2)µ, can precisely determine the ALP coupling
to photon at 140 MeV.
PACS numbers:
I. INTRODUCTION
Axion has extensively been discussed with its theo-
retical and phenomenological interests for a long time.
One of the strongest motivations to introduce axion is
a solution for the strong CP problem [1–4] (the axion is
called QCD axion). Furthermore, a fundamental theory,
which would be for instance the string theory or some
unified theory, potentially possesses global (axial) sym-
metries and its spontaneous breaking predicts existence
of pseudoscalars, axion-like particles (ALPs). Though
such ALPs may or may not solve the strong CP prob-
lem, they can leave phenomenological footprints because
ALPs are generically coupled to diphoton by the anomaly
of the global (axial) symmetry, and its lifetime is long
enough, so might show up as excessive photon signals
or missing energies in high energy experiments and also
astrophysical observations.
Not only for the QCD axion, but also ALPs can
be a good candidate of dark matters [5], alternative
to the WIMPs (weakly interacting massive particles),
which would be another motivation 1. ALP-dark matter
searches have so far been curried out through a number
of experimental and astrophysical probes in association
with the decay to diphoton, though no significant evi-
dence has been reported yet.
∗ishidah@post.kek.jp
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1 Gauge-hierarchy problem can also be addressed in relation to the
presence of ALP [6, 7].
Of late fashion, it has been also argued that ALPs
with the mass in MeV-GeV range have significant impact
on flavor physics [8–13]. Such a mass range is a good
target for terrestrial experiments, nevertheless, there is
no significant indication so far, instead, the limits on the
coupling strength of ALPs with photon, for instance, get
severer and severer.
However, there are remarkable “loopholes” to avoid
experimental constraints when the mass of ALPs sits
around the pion mass, ∼ 140 MeV. In this case, sig-
nals from ALPs decays can be hidden behind the huge
background from pions at beam dump experiments [14].
Such 140 MeV ALPs have actually been constrained by
mono-photon and tri-photon searches at LEP [15] and ob-
servations of supernova [16], which are almost free from
the pion contamination, and provide upper and lower
bounds on the ALP-photon coupling, respectively (see,
e.g., [17, 18]). Very recently, it has been pointed out [19]
that the effective degrees of freedom for relativistic par-
ticles today and possible effects on the Big Bang Nucle-
osynthesis can also give a significant limit for ALPs, and
the coupling to photon at around 140 MeV is severely
bounded from below. Still, however, the loopholes keep
open (see also Fig. 1).
In this Letter, we propose novel experimental probes
to cover the 140 MeV loopholes. We show that measure-
ments of the time-dependent CP asymmetry in B0 →
K0Spi
0γ and Bs → e±µ∓ decay possess a high enough
sensitivity for the 140 MeV ALPs search, having the
strong correlation with the presence of new physics in the
anomalous magnetic moment of muon, (g− 2)µ. We find
that the deviation of the time-dependent CP asymmetry
can be seen, whichever the (g−2)µ is consistent with the
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FIG. 1: Current bounds on Ceffγγ normalized to the ALP de-
cay constant f , defined in Eq.(2), for the ALP mass ma ∼ 140
MeV. The cyan, orange and blue shaded areas are excluded
by LEP searches [15], SN1987A [20] and the observation of
the effective degrees of freedom for relativistic particles to-
day, ∆Neff [19], respectively. Here, the bound from ∆Neff
has been set at 95% C.L.. The blank domains correspond to
what we call the 140 MeV loopholes. In this work, we will
demonstrate that measuring the time-dependence CP asym-
metry in B0 → K0Spi0γ can cover these loopholes, and the size
of Ceffγγ including its sign can precisely be determined by joint
observations with Bs → e±µ∓, and clarifying the presence or
absence of the ALP contribution to the (g − 2)µ.
standard model (SM), or not, and, by the complemen-
tary measurement of Bs → e±µ∓, the ALP coupling to
photon can precisely be determined.
Our main results can cover whole parameter window
for 140 MeV ALPs which is still opened from current
experimental constraints shown in Fig. 1.
II. ALP COUPLINGS
We begin by introducing a generic ALP model. The
ALP (a) couplings to quarks and leptons, involving the
decay constant f , arise generically as vector or axi-
alvector current forms, because of the inherit Nambu-
Goldstone boson nature. They can be written without
loss of generality as
Laff =∂µa
2f
[
(gdV )ij d¯iγ
µdj + (g
d
A)ij d¯iγ
µγ5dj
]
+
∂µa
2f
[
(g`V )ij
¯`
iγ
µ`j + (g
`
A)ij
¯`
iγ
µγ5`j
]
, (1)
where di and `i are down type quark and charged lepton
fields, with i being the generation index (i = 1, 2, 3),
the couplings gfV,A are hermitian matrices, and we have
disregarded couplings to up type quark and neutrinos,
which are irrelevant to our current proposal. The ALP a
generically couples also to the photon like
Laγγ = Ceffγγ
α
4pi
a
f
Fµν F˜
µν , (2)
with α being the fine structure constant of the electro-
magnetic coupling, and the inclusive effective coupling
denoted as Ceffγγ including both direct and indirect a-γ-γ
vertices, the latter of which can be induced from charged
fermion loops.
We focus on the following ALP couplings, (gdV,A)23,
(gdA)33, (g
`
V,A)12 (g
`
A)22, and C
eff
γγ , which are relevant to
the existing constraints from flavor observables at the
ALP mass around 140 MeV, such as Bs-Bs mixing (CBs
defined in Eq. (A2)), the CP asymmetry in B0 → K0Spi0γ
(SCP defined in Eq. (A22)), Bs → e±µ∓, Υ decays to
γa and µ+µ−, leptonic Bs meson decays to µ+µ− and
e±µ∓, (g − 2)µ (∆aµ = aexpµ − aSMµ ), and µ → eγ. The
explicit formulae for those amplitudes, parameters and
the existing limits are given in Appendix A, and the ALP
coupling correlations and dependence are summarized in
Appendix B.
III. COVERING THE 140 MEV LOOPHOLES
Although the ALP dominantly decays into γγ, the
diphoton signal cannot be distinguished from the neu-
tral pion signal, so that there are loopholes at around
the pion mass of 140 MeV [14] (and also see Fig. 1).
However, such loopholes can be resolved and covered by
measurements on the time-dependent CP asymmetry in
B0 → K0Spi0γ (SCP ), and Bs → e±µ∓, together with the
(g − 2)µ (∆aµ), that is our main proposal, and will be
demonstrated below shortly.
As one reference point, we may fix the flavor observable
values as follows:
CBs = 1.11 ,
BR(Bs → µ−µ+)exp
BR(Bs → µ−µ+)SM ' 0.822 ,
BR(Bs → e±µ∓) = 8× 10−10 ,
∆aµ = 2.61× 10−9 ,
BR(µ→ eγ) = 6× 10−14 ,
BR(Υ→ γa)
BR(Υ→ µµ) ' 1.81× 10
−4 , (3)
where the measured values have been set to those central
values, and upper limits have been taken from the future
prospects as benchmark values, which are given in Ap-
pendix A. Thus, we can evaluate the time-dependent CP
asymmetry parameter SCP as a function of C
eff
γγ , which
is plotted in Fig. 2. Thus SCP can be large enough in
the wide range of Ceffγγ . For instance, the 10% deviation
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FIG. 2: SCP versus C
eff
γγ/f , with other flavor observables fixed
as in Eq. (3), satisfying the current experimental limits includ-
ing the one solely for the Ceffγγ in Eq. (A23). The red and blue
lines have been created for the same size of couplings, but the
different overall sign of (gdV )23. Horizontal black dashed line
shows the SM prediction. The gray shaded regions show the
deviation from the SM prediction (SSMCP ' −0.0269) by < 10%
(darker gray) and < 20% (lighter gray).
can be reached when |Ceffγγ/f | ' 30/TeV, and gets larger
monotonically with increasing Ceffγγ .
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FIG. 3: The same as Fig. 2 for ∆aµ = 0. The domain
surrounded by the brown vertical lines are excluded (see
Eq. (A23)).
Another interesting reference points to the case where
∆aµ = 0 in our future. The result for SCP is shown
in Fig. 3. The deviation becomes larger than the case
with the current central value of ∆aµ. This is because
|(gdV,A)23| is allowed to be larger in this case: First of all,
a small |Ceffγγ | is favored to realize the benchmark values
in Eq. (3) with ∆aµ = 0. Hence (g
`
A)22 is also desired to
be smaller for ∆aµ = 0. This implies that dominant con-
tributions to the SCP from the ALP exchange loops and
Barr-Zee (BZ) type loops [21] including the Ceffγγ coupling
are interchanged in the two cases. Then a large (gdA)23 is
required to achieve the benchmark value of Bs → µ−µ+
in Eq. (3). For such a large (gdA)23, the values of CBs and
φBs are realized by a cancellation between (g
d
V )23 and
(gdA)23, which results in a large (g
d
V )23 as well. Actually,
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FIG. 4: The 140 MeV ALP predictions to deviations in
SCP (δSCP ≡ SpredCP /SSMCP − 1) and Bs → e±µ∓ from the
SM prediction, for the estimated ∆aµ = 2.61 × 10−9 (red
shaded domains). The solid (dashed) red lines correspond to
Ceffγγ ≥ 0 (< 0). The brown shaded region on the right side is
excluded at 90% C.L. [22], and the brown dashed line shows
the future prospect for the Bs → e±µ∓ at LHCb [23].
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FIG. 5: The same as Fig. 4 for ∆aµ = 0.
both |(gdV,A)23| with ∆aµ = 0 become about two orders
of magnitude larger than those with ∆aµ = 2.61× 10−9.
Thus, a larger SCP can potentially be predicted with
a smaller Ceffγγ . Details on the coupling dependence for
these flavor amplitudes are presented in Appendix B.
Varying the reference value for BR(Bs → e±µ∓), we
may also evaluate the correlation with SCP . See Fig. 4
for ∆aµ = 2.61× 10−9 and Fig. 5 for ∆aµ = 0. The op-
posite correlations between δSCP and BR(Bs → e±µ∓)
are observed for the cases with ∆aµ = 2.61 × 10−9 and
∆aµ = 0, which is again due to the fact that dominant
contributions to the δSCP from the ALP exchange loops
and the BZ type loops mutually work in both cases.
We can change the benchmark value of BR(µ → eγ).
In the case the expected results can be easily deduced by
following the discussion above, and noting the scaling of
|(gdA)23| ∝ 1/
√
BR(µ→ eγ). For ∆aµ 6= 0 including the
reference point ∆aµ = 2.61 × 10−9, the size of δSCP is
fairly independent of BR(µ → eγ), because of the weak
4sensitivity of |(gdA)23| to δSCP . Hence δSCP can be larger
than O(10)%, no matter how much smaller BR(µ→ eγ)
is going to be. For ∆aµ = 0, δSCP depends strongly on
|(gdA)23|, and hence, δSCP and BR(µ → eγ) will nega-
tively be correlated, and δSCP gets monotonically larger
as BR(µ→ eγ) gets smaller and smaller. So, at any rate,
the δSCP is predicted to be large enough.
One may also notice that the results in Figs. 3 and
5 depend on the size of (gdA)33, namely, which has been
obtained by taking the upper limit on Υ→ γa. It turns
out, however, that even when we choose (gdA)33 = 0, the
size of δSCP can be larger than O(10)%. As to the case
for ∆aµ = 0, we have checked that the results in Figs. 2
and 4 are almost independent of (gdA)33.
Thus, no matter what future we may or may not have
with the new physics in (g−2)µ, or in BR(µ→ eγ) and/or
BR(Υ → aγ), δSCP can be larger than O(10)%, which
would easily be testable in future experiments. Moreover,
if both SCP and BR(Bs → e±µ∓) are observed, the size
of the ALP coupling to photon can be determined from
Figs. 2 and 4 for ∆aµ 6= 0 and Figs. 3 and 5 for ∆aµ = 0.
That is the way we can explore 140 MeV ALPs dis-
tinctly separated from the pion contamination. The
prospected exclusion or discovery coverage for the ALP
mass - diphoton coupling space will thus close the current
loopholes, as seen back in Fig. 1.
IV. CONCLUSION
In conclusion, the discovery potential of the time-
dependent CP asymmetry inB0 → K0Spi0γ decay resolves
the longstanding issue on searching for the 140 MeV ALP,
when it has flavorful couplings. The predicted deviation
from the SM can be larger than O(10)%, and turns out
to be fairly irrespective to the presence of new physics
in the anomalous magnetic moment of muon, or Υ de-
cays, or µ → eγ, which will in the future fully cover the
current 140 MeV axion loopholes. Complementary mea-
surements for the CP asymmetry in B0 → K0Spi0γ and
Bs → e±µ∓, in conjunction with the anomalous mag-
netic moment of muon, can precisely determine the ALP
coupling to photon at 140 MeV.
With this exclusion or discovery potential at hand, pos-
sible implications to the underlying theory for such fla-
vorful axion-like particles (e.g. responsible for the origin
of its mass and couplings ) would be worth exploring, as
well as the impact on thermal history of universe. Those
interesting issues are to be pursed in another publication.
Acknowledgements
This work was supported in part by the National
Science Foundation of China (NSFC) under Grant No.
11747308, and the Seeds Funding of Jilin University
(S.M.). H.I. and Y.S. thank for the hospitality of Center
for Theoretical Physics and College of Physics, Jilin Uni-
versity where the present work has been partially done.
The work of H.I. was partially supported by JSPS KAK-
ENHI Grant Numbers 18H03708.
Appendix A: ALP Flavor Observables
In this Appendix, the flavor observables and con-
straints relevant to the present ALP study are listed.
1. Neutral B meson mixing
The ALP contribution to the Bs-Bs mixing including
the mass range around 140 MeV has recently been stud-
ied [11, 24]. According to Ref. [24], the ALP contribu-
tion to ∆mBs is estimated by using the latest lattice
results [25]. We refer readers to the literature for details.
The resultant form goes like
∆mBs
mBs
=
∣∣∣∣∣0.077(8) GeV2
(
(gdA)23
2f
)2
(A1)
−0.020(2) GeV2
(
(gdV )23
2f
)2∣∣∣∣∣ .
The measured value is ∆mBs = 1.1688(14) × 10−8
MeV [26], with which the SM prediction is consistent [25].
To find the possible size of new physics (NP) con-
tributions, we use results from the UTFit collabora-
tion [27, 28]. Then it is convenient to define the following
form for the Bs mixing parameters:
CBse
2iφBs =
〈B0s |LSM+NPeff |Bs
0〉
〈B0s |LSMeff |Bs
0〉
. (A2)
Note that ∆mBs = 2|〈B0s |Leff |Bs
0〉|, and then, the SM
prediction points to CBs = 1 and φBs = 0. By the global
fit to CKM (Cabbibo-Kobaashi-Maskawa) observables,
we find the best fit values CBs = 1.110 ± 0.090 and
φBs = (0.60 ± 0.88)◦. In the main text, these observ-
ables have been used to determine the effective coupling
combination (gdV )23/f in Eq. (1).
2. Radiative bottomonium decay
The process Υ→ γ ET was searched by the BaBar, and
the current upper limit on the branching ratio is 4.5 ×
10−6 at 90% C.L. for the case where the invisible state is a
light scalar with mass ma < 8 GeV [29]. This process can
be used to constrain the coupling combination (gdA)33/f
arising from Eq. (1). As in Ref. [30], the branching ratio
normalized to BR(Υ→ µµ) can be estimated as
BR(Υ→ γa)
BR(Υ→ µµ) =
m2b
2piα
(
(gdA)33
f
)2
. (A3)
5When we use the experimental value of BR(Υ → µµ)
= 2.48× 10−2 [26] assuming negligible ALP corrections,
the upper bound on the (gdA)33/f can be read as∣∣∣∣ (gdA)33f
∣∣∣∣ < 0.69TeV . (A4)
3. Leptonic B meson decays
The Bs → `i ¯`j decay width can be estimated by the
couplings in the Lagrangian Eq. (1) as
Γ(Bs → `i ¯`j) =
m3Bsf
2
Bs
128pi
[λ(1, r2i , r
2
j )]
1/2
(1− r2a)2
∣∣∣∣ (gdA)23f
∣∣∣∣2
(A5)
×
{∣∣∣∣ (g`V )ijf
∣∣∣∣2 (ri − rj)2 [1− (ri + rj)2]
+
∣∣∣∣ (g`A)ijf
∣∣∣∣2 (ri + rj)2 [1− (ri − rj)2]
}
,
where mBs and fBs are the mass and decay constant of
Bs meson, ri ≡ m`i/mBs , and ra ≡ ma/mBs . Here,
λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2zx. Note that
this decay width is symmetric under ri ↔ rj .
For Bs → µ−µ+ decay, we should consider the inter-
ference between the SM and NP contributions. There-
fore, we use the generic form of branching ratio given in
Ref. [31]:
BR(Bs → µ−µ+)
BR(Bs → µ−µ+)SM = |S|
2
(
1− 4m
2
µ
m2Bs
)
+ |P |2 , (A6)
where
S =
m2Bs
2mµ
CS − C ′S
|CSM10 |
, (A7)
P =
m2Bs
2mµ
CP − C ′P
CSM10
+
C10 − C ′10
CSM10
. (A8)
In the generic ALP model, NP contributions are induced
in C
(′)
P , arising as the coefficient of the pseudoscalar cur-
rent of mb(s¯PR(L)b)(¯`γ5`). Thus we focus only on the
CP − C ′P term to get
CP − C ′P = g−1SM
mµ
m2Bs −m2a
(gdA)23
f
(g`A)22
f
, (A9)
where gSM = − 4GF√2 VtbV ∗ts α4pi , with Vtb and Vts being the
CKM matrix elements and GF the Fermi constant.
The current experimental result and the SM prediction
for Bs → µ−µ+ are [26, 32]
BR(Bs → µ−µ+)exp = (3.0± 0.4)× 10−9 , (A10)
BR(Bs → µ−µ+)SM = (3.65± 0.23)× 10−9 , (A11)
form which we note the SM to be consistent with the
experimental result within 1.5σ.
For Bs → e±µ∓, on the other hand, the branching
ratio for SM is negligible due to the absence of lepton
flavor violation. The current experimental bound is [22]
BR(Bs → e±µ∓)exp < 5.4(6.3)× 10−9 (A12)
(90% (95%) C.L.) ,
and the future prospect reported from the LHCb collab-
oration [23] is
BR(Bs → e±µ∓)exp < 8× 10−10 . (A13)
Since r2  r1, the dominant part of the ALP contribu-
tion to the branching ratio is evaluated as
BR(Bs → e±µ∓) '
m3Bsf
2
Bs
32piΓBs
[λ(1, r21, r
2
2)]
1/2
(1− r2a)2
∣∣∣∣ (gdA)23f
∣∣∣∣2 c2eµf2 r22 ,
(A14)
where
ceµ ≡ 1/4
√
|(g`V )12|2 + |(g`A)12|2. (A15)
Note that BR(Bs → e±µ∓) should include separately
both BR(Bs → e−µ+) and BR(Bs → e+µ−), and in the
ALP case, BR(Bs → e−µ+) = BR(Bs → e+µ−) since
the hermicity gives |(g`L,R)12| = |(g`L,R)21|.
4. Muon anomalous magnetic moment
The discrepancy between the current experimental re-
sult and the SM prediction is [33–39]
∆aµ = a
exp
µ − aSMµ = 261(63)(48)× 10−11 , (A16)
where the numbers in the parentheses stand for the errors
coming from aexpµ and a
SM
µ , respectively. The current de-
viation is about 3.3σ. Therefore, if the anomaly is true,
the new physics contribution should be positive to ex-
plain. However, it is well known that when there are
only flavor diagonal couplings to ALP in the lepton sec-
tor, namely (g`L,R)ij = 0 (i 6= j), they can never explain
the deviation by the one-loop contribution. Recently, it
has been pointed out [13] that ALPs can explain the de-
viation when we take into account the contribution from
nonzero flavor off-diagonal elements, (g`L,R)ij 6= 0.
As in Ref. [13], when we set (g`A)22/f = −10−4/TeV
and ceµ/f ' 10/TeV with ma ' 0.12-0.15 GeV, we find
a parameter space to account for the deviation in ∆aµ
without conflicting with several experimental bounds
from lepton flavor violating processes. Furthermore,
there arises also a contribution from the BZ type loop
involving the a− γ − γ coupling, Ceffγγ in Eq. (2). There-
fore, we consider all these contributions and try to find
the parameter space which explains the (g−2)µ anomaly.
Both two loop functions are available in Ref. [13, 40].
65. Charged lepton flavor violation
The other relevant lepton-flavor violating process po-
tentially induced by the ALPs is µ → eγ. This process
is also related to (g`A)22 in Eq. (1), ceµ in Eq. (A15), and
Ceffγγ in Eq. (2). The analytic formula for the decay width
and the related loop function can be found in Ref. [13].
The current experimental upper limit is [26]
BR(µ→ eγ) < 4.2× 10−13 (90% C.L.) , (A17)
and the future prospect reported from MEG collabora-
tion [41] (in three years of running) is
BR(µ→ eγ) < 6× 10−14 . (A18)
6. Radiative b quark transition
The contributions to the radiative b → sγ transition
processes can be evaluated through estimating the NP
corrections in the Wilson coefficients C
(′)NP
7 for the mag-
netic operators, O
(′)
7 = (e/16pi
2)mb
(
s¯σµνPR(L)b
)
Fµν ,
where e is the electromagnetic coupling related to the α
as e2 = 4piα, Fµν the photon field strength, and PR/L de-
note the chiral projection operators. From the couplings
in Eq. (1), we calculate the ALP contributions arising
from the ALP exchange (arch) graphs at the one-loop
level, to get
CNP, arch7 =
√
2
4GF
1
V ∗tsVtb
1
6
[
gk2s g
k3
s I
++
k,1 + g
k2
p g
k3
p I
+−
k,1
(A19)
+i
(
gk2p g
k3
s I
−+
k,1 − gk2s gk3p I−−k,1
)]
,
C ′NP, arch7 =
√
2
4GF
1
V ∗tsVtb
1
6
[
gk2s g
k3
s I
++
k,1 + g
k2
p g
k3
p I
+−
k,1
(A20)
−i
(
gk2p g
k3
s I
−+
k,1 − gk2s gk3p I−−k,1
)]
,
where gijs ≡ −(i/2)(mdi − mdj )(gdV )ij/f , gijp ≡
(1/2)(mdi +mdj )(g
d
A)ij/f , the loop integral I
±±
k,1 can be
found in the Appendix of Ref. [42], and k denotes the
quark flavor flowing in the loop: k = 1, 2 and 3 corre-
spond to the contribution of down, strange and bottom
quarks, respectively. Since gijs(p) is proportional to the
difference between (sum of) the masses of i- and j-th
generations of down type quark, the dominant contri-
bution comes from the bottom quark loop, i.e. k = 3.
Noting also giis = 0, we thus find that the dominant
part of C
(′)NP, arch
7 depends on three couplings: (g
d
V )32
(= (gdV )
∗
23), (g
d
A)32 (= (g
d
A)
∗
23) and (g
d
A)33 (= (g
d
A)
∗
33). It
is then clear to see that C
(′)NP, arch
7 = 0 when (g
d
A)33 = 0.
The coupling Ceffγγ in Eq. (2) also contributes to b→ sγ
processes, through the BZ type diagram. This contribu-
tion, denoted as C
(′)NP,BZ
7 , can be evaluated in a way
analogous to the BZ type correction to the µ → eγ am-
plitude in Refs. [10, 43].
Thus, in total, the ALP contributions are given as the
sum of two:
C
(′)NP
7 = C
(′)NP, arch
7 + C
(′)NP,BZ
7 . (A21)
7. Time-dependent CP asymmetry
The time-dependent CP asymmetry in B0 → K0Spi0γ
decay SCP is evaluated as [44]
SCP ≡ 2
Im
[
e−2iβCKMC7C ′7
]
|C7|2 + |C ′7|2
, (A22)
where C
(′)
7 = C
(′)SM
7 + C
(′)NP
7 , and 2βCKM ≈ 43◦ is a
CP phase in B → Kspi0γ. In the present analysis, we
have used the SM Wilson coefficients taken from Ref. [45]:
CSM7 = −0.304 and C ′SM7 = −0.006 at µ = 4.8 GeV.
8. Limits on the ALP coupling to diphoton
In addition to flavor limits, the a-γ-γ coupling Ceffγγ for
the ALP mass around 140 MeV is bounded as seen from
Fig. 1:
0.0002
TeV
.
∣∣∣∣∣Ceffγγf
∣∣∣∣∣ . 0.00164TeV , 0.157TeV .
∣∣∣∣∣Ceffγγf
∣∣∣∣∣ . 556TeV .
(A23)
Appendix B: ALP coupling correlations in flavor
observables
To summarize, The relevant flavor observables listed
in the Appendix A are given as functions of the ALP
couplings (up to the decay constant factor 1/f):
CBs , φBs : (g
d
V )23, (g
d
A)23
BR(Υ→ γa) : (gdA)33
BR(Bs → µ−µ+) : (gdA)23, (g`A)22
BR(Bs → e±µ∓) : |(gdA)23|, ceµ
(g − 2)µ : (g`A)22, ceµ, Ceffγγ
BR(µ→ eγ) : (g`A)22, ceµ, Ceffγγ
SCP : (g
d
V )23, (g
d
A)23, (g
d
A)33, C
eff
γγ . (B1)
We first note that (gdA)33 can be determined solely by
BR(Υ → γa). We also notice that once (gdA)23 is fixed,
we can then determine (gdV )23 as a function of CBs and
φBs . The other useful features that we note are BR(Bs →
e±µ∓) ∝ |(gdA)23|2c2eµ and BR(µ→ eγ) ∝ c2eµ. Therefore,
|(gdA)23| and ceµ can be written as functions of (g`A)22,
Ceffγγ and branching ratios of Bs → e±µ∓ and/or µ→ eγ.
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